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Abstract 
Deformation in individual grains within a polycrystal depends on their orientation with respect to the direction of external 
loading (e.g. uniaxial tension), and also on mis-orientation with respect to neighbouring grains. Thus, strain inhomogeneity at the 
grain level is strongly dependent on the local microstructure, and not simply of the grain’s own orientation, as implied in self-
consistent modelling schemes [1,3]. 
Digital image correlation (DIC) is an excellent tool for probing deformation behaviour at different resolutions, since it is 
independent of the precise physical length scale, and can be applied to any digital image, e.g. obtained from optical or scanning 
electron microscopy, or AFM. 
In this study large-grained polycrystalline samples of commercial purity nickel were used. The surface of a dogbone specimen 
was etched prior to the experiment to create a pattern suitable for DIC interpretation. A custom-made loading stage for small 
samples was placed in the Alicona InfiniteFocus microscope, and uniaxial tensile force was applied to cause the specimen to 
elongate. Small steps for crosshead displacement between 7 μm and 34 μm were used to generate elastic deformation, followed 
by plastic stretching. At every loading step an image was taken with the digital camera attached to the microscope, up to the total 
strain within the specimen of 35%. 
The Alicona InfiniteFocus instrument could be used for two purposes: (i) to obtain high resolution images (1624×1232 pixels) of 
the sample surface during deformation, so that in-plane displacement and strain fields could be extracted; and (ii) to collect the 
data about surface profile evolution (roughening) caused by plastic slip during deformation. Digital image correlation analysis 
was carried out using LaVision DaVis software. Results show significant inter-granular and intra-granular strain inhomogeneity. 
When a plot of strain along a line crossing a particular grain is considered, areas of high and low strain can be readily identified 
that persist at different strain levels throughout the deformation history. As discussed by Zhang and Tong [4], this indicates the 
stability of the mechanisms responsible for the slip activity. The presence of neighbouring grains orientated so as to resist plastic 
deformation by crystal slip (i.e. possessing high Schmid factors) causes a softer adjacent grain to undergo more severe 
deformation. These observations were borne out by crystal plasticity finite element simulations. 
 
© 2009 Elsevier B.V. All rights reserved 
Keywords: correlation; inter-granular; intra-granular 
 
* Corresponding author. Tel.: +44 1865 273043; fax: +44 1865 273010. 
E-mail address: alexander.korsunsky@eng.ox.ac.uk 
Pr ce ia ngineering ( 009) 197–200
ww .elsevier.com/locate/procedia
doi:10.1016/j.proeng.2009.06.046
 Dave S. et al./ Procedia Engineering 01 (2009) 000–000 
1. Introduction 
This paper aims to address the factors affecting strain inhomogeneity within individual grains using well 
established digital image correlation methods. High resolution images were collected using Alicona InfiniteFocus 
microscope. The movement of the region of interest within the sample was carefully monitored, and sample re-
positioned after each deformation step so as to re-centre approximately the field of view of the microscope. The 
purpose of the investigation was to evaluate the strain distributions within the sample across the grains, so as to 
detect strain inhomogeneity within individual grains, and also strain differences between different neighbouring 
grains. Such observations have been reported, e.g. by Zhang and Tong [4].  
It is of particular interest to place this investigation in the context of the effort directed over the last decades at 
elucidating the relationship between the local microstructure and deformation behaviour of constituent grains, and 
the overall (macroscopic average) mechanical properties, principally stiffness, yield stress, and strength. 
Hutchinson’s framework [1] that itself built on the results of Eshelby [2] provided the basis for the development of a 
family of numerical approaches for computing overall composite (polycrystal) properties, including stiffness and 
incremental deformation response under the conditions of time-independent plasticity and creep. The significant 
reduction in the computational load has been achieved through the representation of an entire family of grains 
sharing approximately similar orientation by a single ellipsoidal inclusion within an infinitely extended 
homogeneous matrix with the average properties of all the remaining grain groups. The predictions of the elasto-
plastic self-consistent models have been validated against experimental measurements, notably by X-ray and 
neutron diffraction [3]. Diffraction methods are particularly well-suited for this kind of validation, since the physical 
setup involved in polycrystalline diffraction measurement naturally provides selective averaging within groups of 
grains of certain orientation. White beam neutron or synchrotron X-ray diffraction allows efficient simultaneous 
collection of numerous diffraction peaks, thus providing information about the deformation response of grains of 
multiple orientations [5]. 
However, subsequent studies have shown that self-consistent models also possess certain deficiencies. Namely, 
while they give rise to correct representation of average-controlled properties such as composite stiffness, the 
models fail to capture correctly the locally-dominated phenomena, such as the onset of yielding within individual 
grains, or fracture. Indeed, it is obvious that very significant differences in yield response are likely to be observed 
between two grains of the same orientation depending on their local environment. A grain adjacent to a harder and 
stiffer neighbour is likely to have strain transferred to it, and therefore to yield sooner. These variations can be 
classified into inter-granular (including those within orientational grain groups) and intra-granular (across individual 
grains) due to individual local environment are also important for correct interpretation of high cycle fatigue 
behaviour, environmentally assisted cracking, etc.  
The purpose of the present study is to couple digital optical observations of intra-granular deformation with finite 
element modelling. The ultimate purpose is to consider the possibility of further coupling of this kind of analysis 
with in situ synchrotron X-ray diffraction investigations, e.g. using reciprocal space mapping [6]. 
2. Experimental Procedure 
The specimens used in this study were in the form of dogbones made from commercial purity nickel foil supplied 
by GoodFellow. The foil was heat treated up to 1200°C for 8 hours to promote grain growth, and samples made 
from it were chemically etched prior to conducting the experiment in order to ensure the large grains were clearly 
visible, with well-defined contours for DIC purposes. 
A custom made computer controlled loading stage was placed in the Alicona microscope. The specimen was 
located in the grips of the loading stage and tightened to ensure that the specimen would not slip under load. A 
region in the middle of the specimen was chosen for imaging. After adjustments of focus and position to ensure the 
required area could be captured under various loads, the microscope coordinates were set to zero. This meant that 
any time during the experiment, the stage could be brought back to its initial starting point. The imaged area had the 
dimensions of 1.429mm x 1.084mm. 
Initially step displacements of 0.008mm were applied to the specimen. After each increment of displacement, an 
image of the sample was taken. The stage was then repositioned so that the centre of the specimen was at the same 
coordinates relative to the previous image. This allowed large deformations to be monitored without rapidly losing 
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the area of overlap between successive images. After applying 1.4% strain, the step displacement was increased to 
0.034mm. 
3. Results and Analysis 
Figure 1 illustrates the location of the line for strain determination with respect to the sample microstructure. The 
strain shows significant variation across the imaged area, as shown in Figure 2. The key observation made on the 
basis of the plot in Figure 2 is that the overall shape of the strain profile shows a prominent structure of peaks and 
troughs that persists through different levels of the overall deformation (the macroscopic applied strain, in %, is 
indicated in the legend). The persistent nature of the strain distribution [2] is associated with the orientation 
mismatch between the neighbouring grains within the region of observation that determines also the mismatch in 
stiffness (due to elastic anisotropy) and flow stress (soft vs hard). Note that the shaded bands Figure 2 indicate the 
regions along the mapping line that correspond to specific individual grains. It is apparent from the plot that the 
presence of grain boundaries exerts a strong effect on the strain distributions. It is also obvious that very significant 
strain variations of up to 2.5% are observed within grains. 
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To simulate the inter- and intra-granular strain variation we 
used our rate-independent crystal plasticity finite element 
model [6] that follows the implementation due to 
Manonukul and Dunne [8] with material properties 
matching those of the Ni foil used in this study. This 
material has FCC crystal structure with 12 (111) <110> slip 
systems. The grain morphology map within the region of 
interest has been represented by 21 grains (Figure 3) with 
the grain shapes observed in the sample. Plane stress model 
was used. Grain labeled no.1 and highlighted in red was the 
grain of interest for the strain variation analysis, as it 
sustained large plastic deformation during the tensile test. 
  The problem of assessing the deformation effect of the 
grain local environment is challenging due to the presence 
of numerous problem parameters describing the shape and 
Figure 2: The strain profile across the imaged area at 
different values of macroscopic applied strain indicated in 
the legend (in %). 
Figure 1: The image of the sample surface after loading and 
unloading, with the horizontal line indicating where the strain 
profile measurements were made. 
 
Figure 3.Grain morphology map for the Ni foil sample. 
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relative orientation of neighbouring grains. In the present study a simplifying assumption was adopted, whereby all 
grains apart from the grain of interest were assumed to possess the same orientation, and only the orientation of 
Grain 1 was varied. Note that, unlike the self-consistent formulation, the present implementation does allow the 
consideration of the specific features of intra-granular and inter-granular deformation. 
Figure 5 contains strain profiles along selected plotting line (Figure 4) computed for different mis-orientation 
angles between Grain 1 and the surrounding “matrix”. While the magnitude of the resulting strain distribution varies 
with mis-orientation angle, the structure of the plot remains fairly consistent.  
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Figure 4. Grain level mesh map with highlighted grain of 
interest and the selected plotting line. 
Figure 5. Horizontal strains along selected plotting line (Figure 4) 
for different inter-granular mis-orientation angles at 0.32% 
macroscopic strain in Grain 1. 
4. Conclusions 
Intra- and inter-granular strain mapping by digital image correlation described in the present paper has been coupled 
with crystal plasticity finite element modelling. The current match between observation and modelling can be 
described at best as qualitative and approximate. A key requirement for improving the match is primary sample 
characterisation in terms of the microstructure and the orientation of individual grains (by EBSD or Laue XRD). The 
latter technique also allows the assessment of elastic strain and hence stress within grains. 
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